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INTRODUCTION
Shear bands arise from material instabilities and appear as narrow bands of high strains in materials; they often occur under intense thermoplastic shear deformations (Wright, 2002) . Understanding their mechanical behavior is important for predicting material failure, particularly since they are a precursor of ductile fracture (Teng et al., 2007) , a prevalent mode of failure. They are found in many different materials, such as metals, sand, and concrete, and are observed in many physical scenarios, including impact and penetration, metal forming, and high-speed machining. Typically, a shear band thickness is on the orders of micrometers (usually between 10 and 100). Shear bands are characterized by high strains (often even greater than 10) and ultrahigh strain rates (sometimes exceeding 10
). In addition, experimental observations of shear bands in metals often show a local temperature increase of several hundred degrees and very high propagation speeds Hartley et al., 1987; Zhang and Clifton, 2007) . Extensive descriptions of the mechanics and mathematical treatment of shear bands can be found in Wright (2002) .
The initial numerical simulations of shear band localization in rate-independent materials are those of Tvergaard et al. (1981) and Needleman and Tvergaard (1982) , who used triangular elements in a coarsed-triangular pattern; thus in calculations, the elements were generally much larger than physical shear bandwidth. Lemonds and Needleman (1986) simulated shear band initiation and propagation in rate-dependent solids. They studied the effects of strain hardening, strain rate sensitivity, heat conduction, and the imposed strain rate on shear band, and concluded that the completed band orientations are approximately along 45
• from the compression axis. Ortiz et al. (1987) enriched the standard finite element approximation to capture one weak discontinuity line crossing a finite element. Belytschko et al. (1988) proposed the concept of inducing a narrow softening band between two weak discontinuity lines in a single element to model shear bands. Areias and Belytschko (2006) enriched the finite element displacement field with a fine scale function to develop a two-scale method which is capable of capturing the high displacement gradients in shear bands. Jun and Im (2000) and Li et al. (2001 Li et al. ( , 2002 employed meshless methods for the shear band problem. We differentiate between shear band localization in rate-independent and rate-dependent materials. In rateindependent materials, localization is associated with the change of the characteristic type of governing equations. For instance, in static rate-independent problems, the tangent operator loses its ellipticity, leading to generation of characteristic lines along which strain discontinuity can propagate, while in dynamic cases, the wave speed becomes imaginary (Thomas, 1961) . As a result, if the localization occurs the governing equations become ill posed. Due to the lack of internal length scale in classical continuum mechanics, the ill-posedness of the boundary value problem leads to pathological mesh dependence, where the thickness of the shear band depends on the element size (Needleman, 1988) . As a remedy for pathological mesh dependence, regularization techniques, which incorporate an internal length scale into the governing equations, are employed. Along these lines, one can find the polar (Cosserat) continuum (de Borst and Sluys, 1991; Khoei et al., 2005 ), higher order model (Coleman and Hodgdon, 1985) , and the nonlocal continuum (Bazant et al., 1984) .
In rate-dependent materials, the formation of shear bands is not associated with a change of type of governing equations. This can be attributed to the implicit internal length scale introduced in the governing equations by ratedependent materials Needleman (1988) . However, owing to the presence of very localized growth of temperature, strain, and strain rate within the band, the computational treatment of shear band formation and growth in structures poses a very challenging problem. Figure 1 illustrates two common approaches for shear band modeling and simulations in rate-dependent solids: (i) complete resolution of band features by the numerical scheme (Batra and Ko, 1992; Needleman, 1988; Teng et al., 2007) , and (ii) a strong discontinuity approach Belytschko, 2006, 2007; Armero and Garikipati, 1996; Oliver, 1996a,b; Ortiz and Pandolfi, 1999; Simo et al., 1993) . In a strong discontinuity approach, one assumes that the shear band thickness is δ → 0, i.e., the shear bandwidth goes to zero and hence the displacement field becomes discontinuous. The assumption is valid since the shear band thickness is often 10 −2 to 10 −4 (or even more) orders of magnitude smaller than the scale of the entire structure. In the strong discontinuity approach, the displacement across the shear band is discontinuous, i.e., similar to a crack in mode II propagation. Under this assumption, the dissipative mechanism between the discontinuity lines can be considered using normal and tangential cohesive tractions acting on the interface of the shear band. These cohesive 
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FIG. 1:
Schematics of shear band modeling using (a) a standard finite element approach and (b) a strong discontinuity approach.
(1) Shear band modeling in terms of (1) weak discontinuity, (2) displacement field across the shear band, and (3) strain field across the shear band.
tractions are defined as a function of the displacement jump across discontinuity surfaces, called also the separation vector. The most common cohesive models, used primarily for fracture problems, are based on a phenomenological relation between the traction and displacement jump. They are simply constructed such that the energy dissipated due to the crack propagation matches the surface energy and do not incorporate the effects of loading rates. These phenomenological laws have mainly been constructed for the normal direction of discontinuity and do not consider the tangential component, which is of great importance in shear band modeling.
The goal of this paper is to introduce a two-scale method which allows the extraction of the rate-dependent cohesive traction-separation laws from the material model on the fly and hence alleviate the need for using phenomenological cohesive laws. The extended finite element method (XFEM) is used to model shear bands as a strong discontinuity at the macro level and a micromodel is employed to extract these rate-dependent cohesive laws. The micromodel is a one-dimensional standard finite element mesh with two displacement degrees of freedom u X and u Y per node (see Section 6 for more details). The idea is to perform concurrent simulations as illustrated in Fig. 2 , where the macromodel (strong discontinuity) is injected with the rate-dependent cohesive laws resolved on the microscale. Suppose that a shear band on the macrolevel (denoted by the red color) has propagated to some location on the macro level, as shown in Fig. 2 . At this point, information at two macropoints across the shear band is projected to the micromodel as boundary conditions. These conditions then trigger a shear band on the microscale, during which we extract traction-separation laws for both tangential and normal components. These tractions are then injected back to the strong discontinuity model on the macrolevel. In this way, the strong discontinuity approach at macrolevel is enhanced by shear band simulations on the microlevel, and accurate response can be obtained.
The paper is organized as follows. Section 2 describes the governing equations and the coupling to the energy (heat) equation. Section 3 briefly describes the extended finite element method and its variant, the phantom node method (Song et al., 2006) , which is used in modeling the strong discontinuity. Section 4 describes the formulation of a thermoelastic-viscoplastic (TEVP) constitutive model used for the shear band simulations. The criterion that determines the instability of TEVP material is presented in Section 5. The micromodel is presented in Section 6. Numerical results obtained by using this concurrent micro-macro method in two-dimensional shear band problems in various configurations are presented in Section 7. 
SHEAR BAND PROBLEM FORMULATION
We consider a finite deformation, two-dimensional dynamic problem with a reference configuration Ω 0 . The strong form of the momentum equation in Lagrangian description is given by
where P is the nominal stress tensor, X = {X, Y } is the coordinate vector in initial configuration, ρ 0 is the initial mass density, b is the body force vector and u is the displacement field vector. Subscript (or superscript) 0 indicate variables with respect to the initial configuration. Bold notation is used to denote vectors and tensors. The boundary conditions are the usual traction and displacement boundaries
where n 0 is the normal vector,t 0 is the applied traction on Neumann boundaries Γ 
where δW kin is the kinetic work done by inertia, δW int and δW ext are the work done by internal and external forces, respectively, and δW coh is the work due to cohesive traction on the discontinuity surface Γ c . An admissible solution space for the displacement field is
Specifically, the weak form leads to
In this paper, we coupled the momentum equation (2.1) with the energy equation to take into account the heat generated by the plastic work. Let F denote the deformation gradient tensor
where ϕ is the motion and X refers to the material coordinates. The velocity gradient tensor L is defined as
where v indicates the velocity fields. L can be decomposed into the rate-of-deformation tensor D and the spin tensor
We assume an additive decomposition of D, i.e.,
with D elas , D vp , and D tmp the elastic, viscoplastic, and thermal contributions to the rate-of-deformation tensor. Under this assumption, the energy equation is given by
where ∇ 0 denotes the spatial gradient with respect to the reference configuration, C p is the specific heat constant, and κ is the heat conductivity. τ = Jσ = det |F |σ is the Kirchhoff stress, with the Cauchy stress σ. χ is the Quinney factor, the fraction of the plastic work converted to heat, with an approximate value of 90%, while the other 10% are dissipated in the material, for instance, due to phase transformations. Note that the plastic work τ : D vp couples the energy equation (2.16) with the momentum equation (2.1). This coupling triggers heat generation and accumulation within the shear band and results in material softening; for details, see Section 4.
The weak form of the energy equation (2.16) is given by
where N is the is the outward-normal of the surface Γ 0 and the admissible space for the temperature field is
In this paper, we assume an adiabatic shear band (for both macro-and micromodels), with a band thickness that ranges from several micrometers to millimeters. The adiabatic assumption is applicable to rapid loadings where there is insufficient time for the heat generated to diffuse to material outside the band (Wright, 2002) . The adiabatic condition results in κ = 0 and the energy balance equation reduces to
This simplifies the formulations and enables the integration of the heat equation within the constitutive equations.
REPRESENTATION OF STRONG DISCONTINUITIES
To represent shear bands in terms of a strong discontinuity, we use the phantom nodes method (Song et al., 2006) , which is based on the formulation given by Hansbo and Hansbo (2004) ; this approach is closely related to XFEM (Belytschko and Black, 1999; Belytschko et al., 2003; Moës et al., 1999) when shifted jump-enrichment functions are
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used (Song et al., 2006) . Nevertheless, this approach has several implementation advantages over the standard XFEM, in particular, for dynamic problems. Let u(X) ∈ U h be a an extended finite element approximation to the solution u ∈ U of (2.1), where U h is a finite dimensional subspace of U with spatial mesh parameter h. The XFEM enriches the space U h with a set of functions
where n and n E are the number of nodal points and enriched nodes, respectively, N I (X) are the standard finite element shape functions, and N Φ J (X) are the enrichment shape functions defined by
where Φ I (X) is the enrichment function, u I are nodal values of u(X), and a J are the additional degrees of freedom associated with N Φ J (X) at node J. For shear bands, we employ a strong discontinuity approach, which implies jumps in displacements across the band, and thus the Heaviside function H(X) is used as the enrichment function. The Heaviside function is defined as
where Γ + and Γ − define the edges of the discontinuity line that splits the element into two parts. For this case, it is also convenient to shift the enrichment function by the nodal values, i.e.,
where nen is the number of element nodes, and then from (3.1)
For static problems, it has been shown in Song et al. (2006) that the phantom node approach, as proposed in Hansbo and Hansbo (2004) , is identical to XFEM, when the enrichment function is given in Eq. (3.4a). Nevertheless, programming both methods is conceptually different. In essence, the standard XFEM is a nodal-based approach, i.e., one checks whether a node is enriched or not, while the phantom node method is an element-based approach where one checks if an element is enriched or not.
Two types of elements are considered: fully cracked and tip elements. For each of the element types, there are two contributions to the stiffness matrix. Contributions are above and below the discontinuity, as illustrated in Fig. 3 . Conceptually, it can be thought of as two overlapping elements, each having different active areas and a different set of standard and phantom nodes. For more details see Song et al. (2006) . Note that the history variables stored at the Gauss points of a standard element are copied to the enriched elements once the element is fractured.
The main advantage of the phantom approach is for dynamic problems. Specifically, for a lumped mass matrix, if an explicit scheme is used, then lumping has a physical interpretation and is straightforward to compute, while for standard XFEM, special lumping procedures should be used Menouillard et al. (2006) . For the complete discretization of the weak form using the phantom node method, the reader is referred to Song et al. (2006) .
For the shear band problem, the discontinuity curve is injected in an element once the material stability of the macroelement is lost (Rabczuk et al., 2007; Samaniego and Belytschko, 2005) . This is achieved simply by adding new phantom nodes. As a result, the propagation of the discontinuity can be modeled without remeshing.
CONSTITUTIVE MODELING
We assume a hypoelastic material law where the rate of Kirchhoff stressτ is a function of the forṁ where ∇ τ is the Jaumann rate of Kirchhoff stress, which accounts for material contributions and the term in parenthesis is the frame invariance, which accounts for geometric (rotational) effects (Belytschko et al., 2000) . The material update part is defined by
Here, C elas is the fourth-order elastic moduli tensor. We employ a forward-Euler explicit integration scheme to update the Kirchhoff stress
where ∆t is the explicit time step. To update the stress, we employ an explicit stress update algorithm similar to the rate tangent modulus algorithm given in Peirce et al. (1984) . The thermal part of the deformation tensor is defined as
where α is the thermal expansion coefficient and I is the second-order identity tensor. Employing a von Mises-type J 2 flow theory with an isotropic hardening for metal plasticity, the viscoplastic part of the rate of deformation becomes
whereτ is the deviatoric part of Kirchhoff stressτ
σ is the effective stressσ
andε is the plastic strain rate, which is characterized by the material type.
Thermoelastic-Viscoplastic Model for a C-300 Maraging Steel
We assume a thermoelastic-viscoplastic (TEVP) model developed by Lemonds and Needleman (1986) and later modified in Zhou et al. (1996) and Areias and Belytschko (2006) to model shear band formation in C-300 steel. In this model the effective strain rateε is given by the following power-law functioṅ
where m is the rate sensitivity parameter,ε 0 is a reference strain rate, and g (ε, T ) is the material strain hardening and thermal softening function, given by
where n is the strain hardening exponent, σ 0 is the yield stress, ϵ 0 = σ 0 /E, E is the Young's modulus, T 0 is a given room temperature, and k ab is a constant given by
where k and δ are thermal softening parameters. The material parameters used for C-300 maraging steel are given in Table 1 . A detailed formulation for this material model in the framework of the tangent rate modulus for stress update is given in Li et al. (2001 Li et al. ( , 2002 .
ONSET OF SHEAR BAND LOCALIZATION IN THERMOELASTIC-VISCOPLASTIC MATERIALS
As discussed in the Introduction, shear bands are considered in the literature as material instabilities. While for rateindependent materials, the loss of hyperbolicity of the governing equations can be used as an indication of material Coefficient of thermal expansion χ 0.9 Quinney factor instability, loss of hyperbolicity does not occur in rate-dependent materials. For such materials, localization occurs in the form of growing shear modes of deformations. In this section, we review the one-dimensional linear perturbation analysis developed by Bai (1982) to find the earliest possible time for the onset of localization at a material point. The extension of the one-dimensional analysis to the general multidimensional domain is provided by Anand et al. (1987) .
Shear bands are thin in one dimension when compared with the other two dimensions. Due to this morphology, it is possible to study a one-dimensional simple shear problem to obtain the criteria for the formation of shear bands. Consider a domain occupying −h/2 ≤ y ≤ h/2 subjected to shear in the x direction, as shown in Fig. 4 . Assuming the elastic deformation is negligible compared to the plastic deformation, i.e., γ = γ vp , the momentum equation (2.1) and energy equation (2.20) are simplified to ρ 0v = τ ,y (5.1a)
where ρ 0 is the mass density, v is the velocity, τ is the shear stress, γ is the shear strain, C p is the specific heat, and χ is the fraction of plastic work converted to heat. The constitute equation of the TEVP material is given by where Q 0 , R 0 , and U 0 are strain hardening, strain rate hardening, and thermal softening defined by
Employing Eq. (5.4), the terms for γ, τ, and T are respectively obtained as
Equation (5.6) in conjunction with Eq. (5.8) yields
Substituting S = S 0 + δS in Eqs. (5.1)-(5.2), noting that S 0 is an equilibrium solution, we obtain
Equation (5.10) has a nontrivial solution only if the determinant of coefficient of the following characteristic equation is zero
This is the spectral equation from which ω can be found. Following Bai's approach (Bai, 1982) , Eq. (5.11) has the largest positive root if
is an effective rate of thermal softening. Equation (5.12) indicates that instability occurs when the thermal softening overcomes the material strain hardening. In this paper, we use the three-dimensional generalization of Eq. (5.13) presented by Anand et al. (1987) for the onset of shear bands
whereτ 0 is the equivalent shear stress.
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A SIMPLE MICROMODEL FOR THE RATE-DEPENDENT COHESIVE LAW
A macroelement along with its microdomain is shown in Fig. 5 ; the microdomain is perpendicular to the shear band. The perpendicular direction of micromesh is a natural choice since (a) the variation of temperature and velocity is extremely rapid across the shear band compared to the variation along the tangent to shear bands, and (b) the perpendicular direction of micromesh simplifies the extraction of jump and cohesive forces, as we will see later in this section. Let X M denote the macrocoordinate system and X m denote the microcoordinate system; superscripts M and m refer to the macroscale and microscale, respectively. X m 1 is chosen to be perpendicular to the shear band, as shown in Fig. 5 . The key assumption is that the displacement field of the micromesh is only a function of the X 
where σ is the Cauchy stress, and X M A and X M B are coordinates of point A and B, shown in Fig. 5 . A schematic of one-dimensional micromesh used in our simulations is shown in Fig. 5 , where generally 50-150 elements are used, which are concentrated in the vicinity of the imperfection. The shear band in the micromodel is triggered by material imperfections that we introduced into the model (Bayliss et al., 1994; Belytschko et al., 1991) . Specifically, we define the yield stress σ y to vary along the mesh as follows
where σ 0 y is the perfect material yield stress, p imp is the magnitude of imperfection, r imp is the imperfection width, and X m 0 is the center of imperfection.
Standard finite element simulation with a very fine mesh in the vicinity of material instability is performed on the micromesh. This is valid because in rate-dependent materials governing equations remain well-posed after the onset of instability. Since the microdomain is perpendicular to the shear bands, the normal and tangential cohesive forces acting on the shear band are obtained from the normal and shear stresses of the micromesh (see Fig. 5 )
where τ Only macroelements which are likely to be cut by shear bands are linked to the micromesh at the beginning of the simulation. The elements which should be linked and the direction of shear bands in these elements are chosen by a judicious choice based on experimental observation or previous finite element simulations.
An explicit time integration scheme is adopted to solve the dynamic problems. Suppose that nodal displacement, velocity, and acceleration of the macro-and micromesh at time step t n are known and we are intended to proceed to step t n+1 .
The simulation continues on the micromodel up to t n+1 , during which cohesive laws are obtained. Once the tractions in Eq. (6.5) are obtained, they are passed back to the macromodel and simulations on the macromesh continue to t n+1 . The cohesive forces are injected into the macromodel in the following way 6.6) where N T is a transposition of the shape functions matrix, and n M and t M are shear band normal and tangential unit vectors in the macrocoordinate system. The integrals in Eq. (6.6) are surface integrals over the shear band surface. This process is repeated until the simulation is adjourned at the macrolevel. The information flow of the concurrent two-scale scheme is depicted in Fig. 6 , where the coupling between micro-and macroscales is demonstrated. As shown in Fig. 6 , smaller time increments are used for the micromodel. Figure 6 also depicts the strain buildup at the micromodel and the stress softening at the macromodel at the coupling times.
NUMERICAL EXAMPLES
We simulate shear band propagation in a C-300 maraging steel with different geometry and boundary conditions. We report two-dimensional problems that are solved using four-node quadrilateral elements with a one-point Gauss quadrature integration scheme. The same material and constitutive equations are used on both micro-and macromodels. Reference solutions are generated by performing standard finite element simulations on very fine meshes. 
A Pate Subjected to Shear Loading
The first numerical example is a C-300 steel plate subjected to shear loading. The geometry and boundary conditions of the problem are shown in Fig. 7 . The reference solution is generated using the fine mesh shown in Fig. 8(a) . The coarse mesh, shown in Fig. 8(b) , is used in the proposed two-scale analysis with the shaded elements linked to micro domains. The fine mesh (reference solution) consists of 10,680 nodes and the coarse mesh has only 676 nodes. We analyze the following three methods as compared to the reference solution: (i) a standard FEM on the same coarse mesh, (ii) a two-scale micro-macro method without cohesive traction-separation laws, and (iii) the proposed two-scale micro-macro method with the rate dependent cohesive laws. The tangential cohesive force of element "A" extracted from the microdomain is illustrated in Fig. 9 . The load displacement curves obtained from the different simulations are shown in Fig. 10 . Plots in Fig. 10 clearly show that the results obtained from the two-scale method with cohesive laws injected to the macroscale closely follow the reference solution and are able to capture the postlocalized behavior of the model. It is also shown in Fig. 10 cohesive forces are added (XFEM without cohesive tractions), the strong discontinuity approach is not able to capture the postlocalized behavior of the problem.
A Plate with a Central Hole Subjected to Compression Loading
We solve a plate with a central hole subjected to compression loading. Due to symmetry, only the upper-left quarter of the plate is modeled. The geometry and boundary conditions of the original plate and the portion used in the analysis are shown in Figs 
A Plate with Two Holes in Compression
In the last example we consider a maraging C-300 steel plate with two holes in compression. Since voids do not grow under compressive loading (Timothy and Hutchings, 1985) , the stress collapse in the present case is purely due to thermal softening rather than damage softening. The geometry and boundary conditions are shown in Fig. 15 . The fine mesh used in the standard finite element reference simulation and the coarse mesh used in the two-scale simulation are shown in Figs. 16(a) and 16(b) , respectively. The fine mesh has 26,536 nodes and the coarse mesh has only 973 nodes. The effective plastic strain at loading time equal to 800 µs is shown in Fig. 17 . The load-displacement curves obtained from different methods are depicted in Fig. 18 . Clearly, the two-scale method is able to capture the peak point and postlocalized behavior of the system.
SUMMARY AND CONCLUDING REMARKS
We have introduced a concurrent two-scale method for adiabatic shear band problems. By this approach, rate-dependent cohesive forces are extracted from a micromodel and injected to the macros model where shear bands are modeled as strong discontinuities. Strong discontinuity is the assumption of zero band thickness, where information within the band is neglected. Employing a strong discontinuity approach for tracking shear band progression under various loading rates has been proven to be an efficient approach in the literature. While strong discontinuity approach simplifies the simulation, cohesive forces are required to capture postlocalization behavior.
The key contribution of this paper is the development of a two-scale method for the extraction of rate-dependent cohesive traction-separation laws from the microscale and injecting them into the macroscale. In this method, information from the macrosimulations is passed to a micromodel (one-dimensional mesh with two degrees of freedom) where the shear band is accurately resolved. We employed a thermoelastic-viscoplastic constitutive model to model the response of C-300 maraging steel. The performance of the strong discontinuity, and the concurrent micromacro approach, is examined through a series of force-displacement curves. We showed that XFEM enhanced by rate-dependent cohesive laws (two-scale method) is capable of capturing the material response and track the shear bandpath accurately on coarse meshes, orders of magnitude faster than the actual finite element reference solutions.
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